With the prospective High Efficiency Video Coding (HEVC) standard as jointly developed by ITU-T VCEG and ISO/IEC MPEG, a new step in video compression capability is achieved. Technically, HEVC is a hybrid video-coding approach using quadtree-based block partitioning together with motion-compensated prediction. Even though a high degree of adaptability is achieved by quadtree-based block partitioning, this approach is intrinsically tied to certain drawbacks which may result in redundant sets of motion parameters to be transmitted. In order to remove those redundancies, a block-merging algorithm for HEVC is proposed. This algorithm generates a single motion-parameter set for a whole region of contiguous motion-compensated blocks. Simulation results show that the proposed merging technique works more efficiently than a conceptually similar direct mode.
INTRODUCTION
Current state-of-the-art video codecs like H.264/AVC have been primarily developed to be used for high-definition (HD) TV or for video transmission over channels having lower data rates like, e.g., xDSL or UMTS.
1 Today, the display resolution of TVs, smartphones, and tablet devices are increasing and this makes even small devices capable of showing HD video. At the same time, Internet video accounts for more than 50% of the global consumer Internet traffic. These developments are asking for a more efficient coding of digital video. Consequently, the ITU-T Video Coding Experts Group (VCEG) and the ISO/IEC Moving Pictures Expert Group (MPEG) have established a Joint Collaborative Team on Video Coding (JCTV-VC) to develop the High Efficiency Video Coding (HEVC) standard. Compared to H.264/AVC, HEVC is expected to provide a bit-rate reduction of approximately 50% at the same subjective quality. The HEVC development achieved its first milestone recently with issuing the sixth version of the draft specification as ISO/IEC Committee Draft (CD). 2 Basically, HEVC complies with the same hybrid video-coding structure as prior video-coding standards like H.264/AVC. This includes block partitioning of the video picture, intra-or inter-frame prediction of each block, and transform coding of the prediction error. One of the main improvements over H.264/AVC is a more flexible block structure for both prediction and transform coding by using quadtrees for block partitioning. In image and video coding, quadtrees are already known and have been analyzed with regard to their optimality in a rate-distortion sense. 3 One drawback of quadtree-based partitioning is that redundancies between neighboring leaf blocks can be introduced. 4 In order to eliminate these redundancies, leaf block-merging algorithms have been presented. 5, 6 One of the best performing video-coding proposals for HEVC was based on a nested quadtree block-coding structure and included a simple merging algorithm that was shown to be more efficient than an implementation of the conceptually similar H.264/AVC-based direct mode. 7, 8 In the further development of HEVC, this block-merging algorithm was improved w.r.t. coding efficiency, parsing robustness, and parallel processing. This paper presents the block-merging algorithm of the HEVC draft 7 (D7) 9 with a particular focus on the advances in coding efficiency compared to the direct mode as implemented in an early version of HEVC.
Prior related work on quadtree-based partitioning and block merging as a concept to address its shortcomings as well as the conceptually related H.264/AVC direct mode are presented in Section 2. Section 3 shortly presents the quadtree-based block structure of HEVC and its related motion-compensated, i.e., inter-prediction part to which the presented block-merging algorithm is applied. A detailed description of the HEVC D7 block-merging algorithm is given in Section 4 and results showing the coding performance thereof are presented and discussed in Section 5. Section 6 concludes this paper. 
BACKGROUND AND STATE-OF-THE-ART
Sullivan et al. applied the quadtree-based block partitioning known from still-image coding to video coding using inter-frame prediction.
3 Rate-distortion (RD) optimized quadtree image partitioning for inter prediction is particularly well suited to approximate boundaries between objects having different motion. For example, when using a fixed-size block partitioning, such a boundary can occur in the middle of a block. Consequently, the different motions present in this block cannot be efficiently described by only one set of motion parameters. Note that in general, for every inter-predicted block, motion parameters for the applied motion model have to be transmitted. Decreasing the (fixed) block size by a factor of two horizontally and vertically can improve the global accuracy of the motion model but usually comes at the price of substantially increased costs of transmitting motion parameters. The quadtree approach, however, allows the block structure to locally adapt to such motion discontinuities.
An analysis by Shukla et al. of quadtree structures resulting from such algorithms shows that RD-based optimization of quadtrees still may create redundancies. 4 In order to efficiently code these redundant parameters, De Forni et al. introduced a leaf-merging algorithm for block structures with application to H.264/AVC.
5 Every macroblock or submacroblock partition can be seen as a leaf of a very simple tree which is restricted to two levels below the macroblock (root). For these leaf blocks, it can be signaled whether the motion parameters from the block to the left or on top of the current block are used to predict the current block instead of explicitly signaling motion parameters. When the motion parameters are copied from a neighboring leaf block, these two leaves are referred to as merged. Tagliasacchi et al. generalized this leaf merging without reference to a specific coding architecture where all neighboring blocks that are not smaller than the current block can be used to serve as a seed of the aggregated motion parameters. 6 Taking all mentioned previous work into account, an extensive theoretical study of block merging was conducted by Mathew et al.
Quadtree block structures that offer a large degree of freedom for motion modeling and corresponding blockmerging techniques to be applied thereon, never found their way into existing video coding standards, at least so far. However, the direct and skip modes in H.264/AVC can be viewed as conceptually similar to the merging concept because they allow to infer motion information from neighboring blocks as well.
11 A video codec using variable-size quadtree-based block partitioning with block merging was developed by Marpe et al. 7 and submitted as the Fraunhofer HHI response to the joint Call for Proposals on video compression technology which has kicked off the HEVC development.
12 Like block merging as implemented on top of H.264/AVC, 5 the initial Fraunhofer HHI proposal was restricted to the use of the left and top neighboring blocks. When comparing this block merging approach to an H.264/AVC-like direct mode, bit-rate reductions of 3% on average were reported. 8 Originally, HEVC also contained a direct mode which was later replaced by block merging. This direct mode is described in Subsection 3.3 and its coding efficiency is compared with HEVC block merging in Section 5.
QUADTREE-BASED INTER PREDICTION IN HEVC
In this section, the quadtree-based block partitioning and the motion-vector prediction used to differentially code the motion vectors in HEVC is summarized. Furthermore, the direct mode incorporated in early versions of HEVC and its conceptual similarity with block merging is briefly described.
Quadtree Structure
In most video coding standards like MPEG-1 Part2, H.262/MPEG-2 Part2 or H.264/AVC, a picture is divided into square macroblocks. Similarly, in HEVC a picture is divided into square coding tree blocks (CTBs). The difference to the previous standards, where the macroblock size always equals 16×16 luma samples, is that the size of the CTBs is signaled for each video sequence. From sequence to sequence, the CTB size may vary from 64×64 to 16×16 luma samples. Each CTB can be recursively split into four square coding blocks (CBs) resulting in a coding quadtree. Figure 1 (a) illustrates this recursive splitting for a 64×64 luma CTB into CBs with a minimum size of 16×16 luma samples. The blue lines represent CB boundaries. For the area defined by a CB, a prediction mode, controlling whether intra or inter picture prediction applies, is specified. When inter prediction is used, the CB can be split once into prediction blocks (PBs) as illustrated by the red lines in Figure 1 (a). All prediction block partitioning types allowed in the current Main Profile of HEVC draft 7
9 are shown in Figure 1 (c). Inter prediction parameters like motion vectors and reference picture indices are associated with each PB. The prediction residual for all PBs in a CB is processed with transform coding using a nested quadtree structure, i.e., the so-called residual quadtree. A detailed description and analysis of the residual quadtree in HEVC is given by Winken et al.
13
Besides the afore-described geometric partitioning of the picture, a block for each color component of the picture and all syntax associated to these are encapsulated in a "unit". Consequently, a luma PB, the two corresponding chroma PBs, and the associated syntax elements, e.g., for the motion parameters in case of inter prediction, are referred to as a prediction unit (PU). A CB for each color component, associated syntax elements like the prediction mode, the PU(s), and everything related to the residual quadtree are included in a coding unit (CU). The CUs, syntax specifying the subdivision of the coding quadtree, and a CTB for each color component are collectively represented by a coding tree unit (CTU). Figure 1(b) depicts the CTU, CUs, and PUs that correspond to the geometrical block partitioning of the CTB shown in Figure 1(a) . Another aspect that is indicated in this figure is the processing or decoding order of the coding units. This order follows a depth-first traversal of the corresponding coding quadtree starting with the CU that includes the top-left CB in Figure 1 (a), CU00, and proceeding to the CU that includes the bottom-right CB, CU12. Applying this order to the geometrical representation of the coding quadtree in Figure 1(a) , it can be seen that this corresponds to a Z-order curve (grey path).
Prediction of Motion Parameters
In HEVC, the motion-vector prediction is based on motion-vector predictor competition 14 applied to the quadtree block structure with possible larger block sizes and referred to as advanced motion vector prediction (AMVP). AMVP generates a list with possible motion vector predictors (MVPs) and signals an index specifying which one of these candidates is actually used as MVP. In HEVC draft 7, there are two competing candidates which are derived from neighboring blocks. These two candidates get selected among five spatial neighboring blocks to the left and on top of the current block and two temporal neighboring blocks in the collocated picture. Figure 2 (a) illustrates the location of these neighboring blocks.
WD1 Direct Mode
The simple median-based motion-vector prediction of H.264/AVC was replaced by AMVP as described in the previous section. Similarly, the H.264/AVC-based direct mode was further improved based on AMVP and included in the first versions of HEVC. This direct mode introduces a new inter prediction mode for a CU. When this mode is chosen, only the inter prediction index, i.e., the information which reference picture list is used for prediction (the first one L0, the second one L1, or both) and, for each list, the motion vector predictor index needs to be coded. All other parameters are inferred as follows. Only one PU is included in the CU (2N×2N), for every reference picture list the first picture is used (reference index equal to 0) and the corresponding motion vector difference is set equal to 0. As in H.264/AVC, the direct mode comes along with a skip mode which further indicates that all residual transform coefficients are equal to zero and therefore no residual syntax is coded for the current block. The other difference between direct and skip mode is that for bi-prediction always both reference picture lists are used instead of explicitly signaling which one is used. This direct mode is further referred to as WD1 direct mode because HEVC working draft version 1 (WD1) is the last draft that incorporated this mode. For WD2 and all following versions, this direct mode was replaced by block merging. Figure 3(a) illustrates the signaling of direct and skip mode in WD1.
THE HEVC INTER-PREDICTION BLOCK-MERGING ALGORITHM
Since inter prediction in HEVC is performed on a prediction block basis, block merging used to derive interprediction parameters is also applied to prediction blocks. The presented inter-prediction block-merging algorithm can be split into three steps: the merge candidate-list construction as described in Subsection 4.1, the signaling of the merge mode and the merge-candidate index as described in Subsection 4.2, and the actual merging by setting the motion parameters of the current PB equal to the motion parameters of the merge candidate referenced by the merge index. In order to illustrate the algorithm, an example of a typical block-merging use case is given in Subsection 4.3.
Candidate-List Construction
The initial quadtree-based block-merging algorithm only considers the neighboring blocks to the left and on top of the current block as potential candidates to copy motion parameters from. 8 In HEVC, the list of possible merge candidates has been extended to more spatially neighboring blocks, a temporal neighboring block in the collocated picture, combinations of these neighboring motion parameters and zero motion-vector candidates. In general, the number of merge candidates is specified on a slice basis and may vary from 1 to 5. Consequently, the merge candidate list can have up to five entries but has at least one. The whole candidate list construction process can be summarized as follows.
First, the spatial candidates are added to the list. These candidates are derived from the same five spatial neighboring PBs A0-B2 in Figure 2 (a) which are also considered for AMVP. Out of these five candidates, the maximum number of merge candidates but not more than four are finally added to list. A candidate is not added to the list when it contains the same motion parameters as a candidate already in the list or the corresponding neighboring PB is not available. When a PB is intra predicted, not yet processed or outside the picture/slice, it is considered as not available for block merging. An example of potential spatial candidate blocks is given in Figure 2 (b) where candidate B0 is not available because the PB to the top right is not processed yet. For spatial candidate derivation, the candidate PBs are processed in the order from A0 to B2. So when the maximum number of merge candidates is four or five, all spatial candidate PBs are available and have different motion parameters, the last candidate PB B2 is not added to the list.
Second, when the list contains less than the maximum number of merge candidates, one temporal candidate is added. The PBs in the collocated picture used to derive the temporal candidate are the PBs at locations C0 and C1 in Figure 2 (a) and again, they are the same as used for AMVP. When PB C0 covering the position to the bottom right of the collocated block is outside the current CTB, PB C1 covering the central position is used. Note that due to the variable-size quadtree structure, the area covered by the collocated block does not necessarily match with a PB. In order to make this list construction robust with regard to loss of the collocated picture, the temporal candidate is derived independently from the spatial candidate.
Finally, after having added spatial and temporal candidates, it may occur that the list is still not complete, i.e., contains less elements than the maximum number of merge candidates. In order to complete the list, additional candidates are created and added. When bi-predictive inter prediction is allowed, combined bi-predictive candidates are derived by combining reference picture list 0 and reference picture list 1 motion parameter from the spatial and temporal candidates in the list. Ultimately, when bi-predictive inter prediction is not allowed or the list is still not complete, zero motion-vector candidates are added until the maximum number of merge candidates is reached.
Signaling of Block-Merging Parameters
In principle, the block-merging parameters are the same as presented in the initial quadtree-based block-merging implementation.
8 Two syntax elements are used to signal inter-prediction block merging in the coded bitstream. The first one is a simple flag, the merge flag, that specifies whether merging is applied to the current block or not. When merging is applied, a merge index references the candidate in the block merging candidate list that provides the motion parameters for the current block. HEVC differs from this initial implementation by decoupling merge parameter parsing from the reconstruction process and by incorporating an additional merge skip mode signalization.
In the initial block-merging implementation, the parsing of merge related syntax elements depends on the merge-candidate list. When the merge-candidate list is empty, the merge flag is not signaled because block merging cannot be applied without candidates. Similarly, when the merge-candidate list contains only one candidate, the merge index would always be 0 and does not need to be signaled either. On the one hand, this might reduce the signaling overhead but on the other hand, the merge-candidate list-construction has to be performed before parsing corresponding merge syntax elements. The main drawback of this technique is its impact on parsing throughput, especially when having a more complex list-construction process with more than two potential merge candidates. The HEVC block-merging algorithm solves this issue by requiring the mergecandidate list to contain the maximum number of candidates which is always greater than zero. A possible signaling overhead due to unavailability of neighboring blocks is avoided by filling up the list with the additional candidates as described in Subsection 4.1.
As already mentioned in the introduction of this section, block merging is applied on PB samples. Consequently, the merge flag and the merge index syntax elements are signaled for every PU. Additionally, block merging incorporates a so called skip mode with a skip flag indicating this mode at CU level. Like in H.264/AVC or in the WD1 direct mode presented in Subsection 3.3, the skip mode indicates that there is no residual signal transmitted for the CU coded in skip mode. In HEVC with block merging, the skip flag further implies that the prediction mode for the current CU is inter prediction, the partitioning mode depicted in Figure 1(c) is implicitly given by 2N×2N, which results in having one PU for the current CU. Furthermore block merging is applied for this PU. Thus, the parsing of additional syntax elements is "skipped". Only the merge index needs to be signaled for the single PU of a skip CU. Figure 3(b) summarizes the HEVC merge-mode signaling which can be compared to the signaling of the conceptually similar WD1 direct mode, summarized in Figure 3 (a) and presented in Subsection 3.3. Figure 4 illustrates how quadtree block partitioning with inter-prediction block-merging can be used to efficiently code an object having different motion than its background. In Figure 4 (a), it can be seen how the CB (blue lines) and PB partitioning (red lines) in a 64×64 luma CTB follows the boundary of the grey-shaded object in the upper half of the CTB. When this object moves over a static background, all PBs covered by the object can be predicted using the same motion parameters. Here, prediction block-merging reduces the redundant motion parameters present in the bitstream by just copying them from a neighboring PB. Figure 4(b) shows the respective merge-candidate block from Figure 2 (a) which is depicted for each PB inside the merge region. In this particular example it can be seen that no motion information has to be transmitted for the current merge region at all because the first block in coding order already copied the motion parameters from the collocated block represented by candidate C0. 
Block-Merging Example

PERFORMANCE OF HEVC BLOCK MERGING
In this section, the rate-distortion performance of inter-prediction block merging in HEVC is analyzed. Furthermore, block merging is compared to a conceptually similar direct mode.
Simulation Settings
All tests are performed using the HEVC test model reference software HM7.0 15 and the corresponding JCT-VC common test conditions. 16 In these common conditions, four coding configurations are defined to account for different applications of a video codec. Three of these four are using inter prediction and thus, are used to evaluate the performance of inter-prediction block merging. The random access (RA) configuration allows random access of the video stream by having one intra-coded key picture every 1.1 seconds. Furthermore, pictures are reordered after coding and before output, with a maximum allowed delay of 8 pictures, to allow bi-directional inter prediction. In the low delay B (LB) and low delay P (LP) configurations, no picture reordering is allowed to guarantee a low coding delay for applications like video conferencing. The difference between the two low delay configurations is that for the LP configuration, inter-prediction is restricted to uni-predictive inter prediction whereas for LB, bi-predictive inter prediction is allowed. Note that the LB bi-prediction has to be uni-directional because otherwise, picture reordering would be necessary. For every configuration there is a Main variant, e.g. RA-Main, to configure the HM7.0 encoder to generate Main profile compliant bitstreams. The Main profile is the single profile defined in draft 7 of HEVC. The presented bit-rate savings are given in terms of Bjøntegaard Delta (BD) rate 17 where negative values indicate a bit-rate reduction. For each test sequence, the BD rate values are calculated based on four rate points and corresponding average PSNR values. The rate points are obtained by using the four quantization parameters 22, 27, 32, 37 as specified in the JCT-VC common test conditions.
Results
In order to evaluate the performance of inter-prediction block merging, three simulations have been performed. The first one corresponds to the HM7.0 software without any merge, direct or skip modes. This simulation is the worst performing and serves as the reference for the other two tests. The HM7.0 default mode of operation, which already includes the presented block merging and merge skip, is used in the second simulation and further referred to as HM7.0 (merge). For the third simulation, the WD1 direct and skip mode, described in Subsection 3.3, has been reintegrated into HM7.0 to compare the HEVC block merging with a state-of-the-art technique. This version is referred to as HM7.0 WD1 direct. Table 1 shows the bit-rate savings for HEVC block merging and WD1 direct mode compared to the HEVC version without merge, skip and direct mode. It can be seen that block merging outperforms the WD1 direct n/a n/a -5.8 n/a n/a A PeopleOnStreet -6.6 n/a n/a -4.1 n/a n/a (2560x1600) Nebuta -1.2 n/a n/a -0.4 n/a n/a SteamLocomotive -11. n/a n/a -8.3 n/a n/a mode for all test sequences and configurations. Average BD rates from -6.0% for LP to -7.9% for RA are reported for block merging while the WD1 direct mode achieves -3.6% to -4.8%. Furthermore, it can be observed that both modes perform particularly well for class E sequences which represent video-conferencing material with static background. In these cases, neighboring motion parameters are likely to be equal in the same static region and the skip mode allows an efficient coding of blocks with no or very small prediction residual. For the sequence Johnny from this class E, block merging can achieve a bit-rate reduction up to -20% BD rate in the LB configuration case. The corresponding rate-distortion curves for this sequence can be found in Figure 5 . When comparing the two low-delay configurations, block merging benefits from the bi-prediction, with -1.9% BD rate difference between LB and LP on average, whereas the WD1 direct mode just leads to an improvement of -0.2% BD rate on average. This can be explained by the fact that the WD1 direct mode has to signal one motion-vector predictor index per prediction while block merging always signals one merge index.
CONCLUSION
In this paper, the application of leaf merging to the quadtree-based inter-prediction block partitioning in HEVC is presented. Redundancies for inter-prediction parameters of neighboring inter-prediction blocks can be efficiently exploited by merging neighboring blocks. The presented simulation results show that the proposed inter-prediction block merging in HEVC provides up to 8% bit-rate savings on average, whereas a conceptually similar direct mode just provides up to 5% average bit-rate reduction. In addition to the coding-efficiency gain, the presented block-merging technique was designed to account for the need of increased parsing throughput while being robust to picture loss.
